The vertebrate retina has a unique position within the panoply of the nervous system networks: Our understanding of its complex circuitry of interacting neurons and glia has become the gold standard of our current knowledge of network operations. This presentation is about work from my laboratory that contributed to some of the concepts that support our contemporary views of the functional retina. Early in the pursuit of retinal function, a vital issue was that of understanding the synaptic mechanisms and neurotransmitters required for information to flow from the photoreceptors to the ganglion cells. My research contributions to this effort include the discovery of inhibition and the GABA and glycine modes of inhibitory mechanisms. Our work on inhibition was followed by the discovery of the APB (mGluR6) receptor of On bipolars, the first metabotropic glutamate receptor described in the nervous system. This finding was followed by a body of work carried out in salamander and rabbit retinas on the pathways of glutamatergic excitation revealed through the use of agonists and antagonists of increasing selectivity. We separated sign-conserving from sign-inverting responses in the outer retina and provided compelling evidence that bipolars, like photoreceptors, had a glutamatergic mode of neurotransmission. We identified NMDA (N-methyl-D-aspartate) and KA (kainic acid)/AMPA (␣-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid) receptors in amacrine and ganglion cells and revealed that both receptor classes are activated by light. Additional studies on neuropeptides illustrated how many of these, including substance P, somatostatin, and neurotensin have actions such that they should be considered major neuromodulators in the retina. My laboratory also made significant contributions to structure-function relationships and mechanisms of glial-neuronal interactions. (Invest Ophthalmol Vis Sci. 2008;49:5184 -5198) 
M odern neuroscience was born on the thrust of Ramon ý Cajal's prodigious anatomic studies of the nervous system and his insistence that single cells form the fundamental composition of its organization. During the course of his career, Cajal revealed a rich array of cell morphologies whose diversity of form reached dizzying heights. Among the preferred sites for his studies of the nervous system, the vertebrate retina stood out as the CNS region from which he generated many of his most important insights about the relationship between the structure and function of nerve cells.
1,2 Cajal's extensive studies evolved into a transgenerational challenge to determine whether the variance in morphology revealed through his Golgi staining methods was matched by an equal diversity of function. This challenge became a Holy Grail of cellular neuroscience in the latter half of the 20th century. As a young medical student in the 1960s, I was fascinated by my first glimpse of Cajal's camera lucida drawing of a Purkinje cell of the cerebellar cortex, with its impressive dendritic structure. When I learned that little was known at the time about the physiology of these magnificent cells, my career interests gained a new focus. Research experience in medical school encouraged me to believe, as Cajal did throughout his career, that the vertebrate retina is one of the few places in the central nervous system where one can begin to tractably address Cajal's challenge of relating the structure of a nerve cell to its function. I arrived at John Dowling's laboratory in 1967, just as the Werblin and Dowling work 3, 4 was reaching its creative heights. With John's encouragement, I eagerly took up the new technique of intracellular recording and obtained the first intracellular recordings from Müller cells. 5 These results stimulated additional studies of Müller cells, which in turn led directly into studies of the retinal network and structurefunction correlations of single nerve cells. More recently I have returned to examining the role of glial cells in the retina and their relationship to D-serine synthesis and release and how they participate in the regulation of NMDA receptors and ganglion cell excitability.
The upper panel of Figure 1 illustrates the fundamental connections which underlie the physiological polarity of the three classes of ganglion cells in the retina, including On, Off, and On-Off subtypes. The color coding reflects the polarity of the light response, with blue as depolarizing or On, red as hyperpolarizing or Off, and purple as On-Off, reflecting cells that are depolarized at the onset and termination of a light stimulus. Rods and cones all hyperpolarize to light and the segregation of On and Off pathways is provided by the two opposite polarity bipolar cells which feed directly into ganglion cells through excitatory, glutamatergic connections. This cartoon illustration is based on our knowledge of the amphibian retina, which lacks the specialized rod bipolars found in the mammalian retina that feed indirectly into ganglion cells through amacrine-mediated pathways.
The lower panel of Figure 1 illustrates a more integrated cartoon of the retina, retaining the same color coding as that of the upper panel. The left partition reflects the neuronal architecture of the amphibian retina, with the Müller cells (green) in the background, while the right partition conveys a more realistic structure of the retina, in which Müller cells form intimate relationships with the cell bodies and synaptic processes of retinal neurons. We now know that Müller cells participate very broadly in retinal control mechanisms: These cells not only generate light-evoked responses, but they also generate slow calcium waves 6 and participate in regulating the excitability of retinal neurons. [7] [8] [9] A DOORWAY THROUGH CHLORIDE
From Müller Cells to the Neural Network of the Retina
While expanding my pursuit of Müller cell physiology using the perfused isolated retina of the frog, 10 I attempted to simplify the experimental approach by removing external chloride ions, replacing them with an impermeant anion (sulfate/methylsulfate). With this strategy, I hoped to avoid complications of Cl Ϫ and water movements that can cause tissue swelling when elevating external K ϩ . 11 To my surprise, the replacement of Cl Ϫ in the bathing medium promptly abolished the b-wave of the ERG, but did so in such a way that its actions reflected a Cl Ϫ dependency of the retinal network, rather than one that could be attributed to Müller cells. 12, 13 For this reason I transitioned my attention from Müller cells to the neuronal network of the retina. Figure 2A summarizes how a chloride-free (C-F) environment changed the retinal network by illustrating extracellular ganglion cell recordings from On, Off, and On-Off cells in the The upper panel illustrates the neuronal connections in the retina that form the physiological polarity of the three classes of ganglion cells, including On, Off, and On-Off subtypes. The color coding reflects the polarity of the light response, with blue as depolarizing or On, red as hyperpolarizing or Off, and purple as On-Off, reflecting cells that are depolarized at the onset and termination of a light stimulus. Rods and cones all hyperpolarize to light and the segregation of On and Off pathways is provided by the two opposite polarity bipolar cells. This cartoon illustration is based on our knowledge of the amphibian retina, which lacks the specialized rod bipolars found in the mammalian retina that feed directly into amacrine cells. The lower panel illustrates a more integrated cartoon of the retina, retaining the same color coding as that of the upper panel. The left partition reflects the neuronal architecture of the retina, with the Müller cells in the background, while the right partition conveys the more realistic structure of the retina in which Müller cells form intimate relationships with the cell bodies and synaptic processes of retinal neurons. This allows Müller cells to monitor and modulate physiological signaling between neurons. rabbit retina. 13 For each cell, the response to a focal (center) stimulus was contrasted with the discharge pattern evoked by a large-diameter stimulus that covered the entire receptive field. The discharge pattern observed under C-F conditions showed elimination of all On ganglion cell activity with enhanced Off discharge. Figure 2B summarizes the C-F effects on the major types of retinal neurons, based on a comprehensive study of the mudpuppy retina: only two cell types had their light responses eliminated in a C-F environment, including the horizontal cell and the depolarizing bipolar. The hyperpolarizing bipolar cell light responses persisted under these conditions, although these cells lost their antagonistic surround, presumably because of horizontal cell response elimination. This work on the mudpuppy retina was published in a series of papers in 1976. 14 -16 Because only one of the two types of bipolar cells was eliminated under C-F conditions, these results allowed us to make conclusions about the polarity of connections between the bipolars and the amacrine and ganglion cells. Since both the depolarizing bipolar and On ganglion cells were silenced under C-F conditions (we had no evidence that the C-F exposure directly affected ganglion cell excitation), it meant that they must connect through an excitatory synapse and conversely, the hyperpolarizing bipolars, whose light response persisted under C-F conditions, must be connected to Off ganglion cells through an excitatory synapse. Thus, both bipolars connect with excitatory synapses to neurons of the inner retina. This was the first clear indication of the bipolar connectivity arrangement. The following year, Naka confirmed this conclusion in his study of the catfish retina. 
Insights into Retinal Connections through the Chloride Door

On-Off Ganglion Cells Are a Unique Class of Neuron
A second impact from the C-F studies related to the On-Off ganglion cells. Although Hartline 18 had originally separated ganglion cells of the frog retina into three types, including On, Off, and On-Off, it was never clear whether the On-Off cells could be justified as a separate class. But, the C-F studies revealed that On-Off ganglion cells were unique: They received excitatory inputs from both bipolar types, a connectivity pattern that justified their inclusion into the trinity of On, Off, and On-Off ganglion cells. Thus, it is this group of three ganglion cell types that represents the fundamental wiring diagram of the retina. Additional synaptic interactions superimposed on this fundamental set of connections is responsible for encoding the more elaborate trigger features evident within the ganglion cell population. We generally assign the On cells as positive contrast neurons, the Off cells as negative contrast cells and the On-Off cells as contrast insensitive, meaning they respond equally well to either positive or negative contrast.
The Discovery of Inhibition
Perhaps the single most important contribution of our C-F studies was the discovery of inhibition in the retina. The fact that this inhibition turned out to be Cl Ϫ -dependent helped us to think about the neurotransmitters that might mediate the inhibitory responses we observed. 15 Until this work, inhibition had not been identified and characterized. We now know that ganglion cells hyperpolarize to light by two very different mechanisms, including inhibition from amacrine cells and disfacilitation as a means by which Off bipolars generate the light-evoked hyperpolarization seen primarily in Off ganglion and amacrine cells. Figure 3A illustrates an intracellular recording of an On-Off ganglion cell in the mudpuppy retina and shows how the initial On and Off EPSPs are followed by On and Off hyperpolarizing responses that can be isolated by stimulating with an annulus (middle recording). These hyerpolarizing responses are associated with a significant conductance increase; Figure 3C illustrates how hyperpolarizing, On-Off IPSPs rapidly converted to depolarizing responses during an initial exposure to a C-F Ringer. This reversal occurred because the chloride reversal potential rapidly changed to a more positive value by the explosive reduction of external Cl Ϫ . This early response inversion unequivocally established the Cl Ϫ dependency of the responses. Figure 3B shows a similar C-F exposure to an On-Off amacrine cell, demonstrating relatively minor effects on this recording, except that the repolarization of the On and Off responses slowed, as this phase of the response reflects a chloride-dependent, amacrine-to-amacrine lateral inhibition.
Inhibition in Directionally Selective Ganglion Cells in the Rabbit Retina
Early in the course of our studies, we obtained intracellular recordings in the rabbit retina 19, 20 and demonstrated that directionally selective ganglion cells generated a large IPSP for stimuli moving in the null direction and net excitation for targets moving in the preferred direction. Feedforward inhibition onto the ganglion cells has now been confirmed as a major component of the directionally selective mechanism.
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The Counterintuitive C-F Mechanism of Action Throughout the studies of inhibition, we continued to examine the cellular mechanisms by which chloride modulates the retinal network in a selective way. We developed ion-selective electrodes for Cl Ϫ , 22 and applied Cl Ϫ -imaging methods and patch-recording techniques, all of which eventually converged on the idea that the network-selective actions of a C-F environment result from a Cl Ϫ -sensitivity of L-type Ca 2ϩ channels, which mediate synaptic transmission from photoreceptors. [23] [24] [25] The full dimensions of this work are beyond the scope of this article, but the topic remains a lively area of development and interest.
INHIBITION IN THE RETINA
Neurotransmitters of Inhibition
When we first discovered Cl Ϫ -dependent inhibition in the retina, it was generally accepted that GABA was the inhibitory transmitter of the brain, while glycine served the same function in the spinal cord. We discovered that, in the retina, both GABA and glycinergic inhibition are present, serving in parallel, though with slightly different targets. Our first paper on the dual nature of inhibition in the retina appeared in Science in 1977. 26 Ignited by these preliminary findings, we wanted to know why both GABA and glycine appear to function as inhibitory neurotransmitters in the retina, and how pervasive was their influence. We determined that GABA and glycine target powerful actions in the inner retina (Fig. 4) but seem to play a minor role in outer retinal processing. GABA and glycinergic inhibition had three modes of action: (1) feedforward inhibition onto ganglion cells (Fig. 4B) ; (2) feedback inhibition onto bipolar cells (Fig. 4D) ; and (3) lateral inhibition between amacrine cells mediated by GABA (Fig. 4F ). Every ganglion cell had some degree of inhibition mediated by GABA and/or glycine, which was direct, hyperpolarizing inhibition (Fig. 4A) . However, the sensitivity to exogenous GABA and glycine varied from one cell to another, with GABA showing a higher preference for On ganglion cells and glycine showing a higher preference for Off ganglion cells, while many ganglion cells had coequal sensitivity, including most On-Off ganglion cells. All amacrine cells were affected by GABA and glycine, whose action was shunting rather than hyperpolarizing (Fig. 4E ). Bipolars showed a differential sensitivity, with On bipolars more sensitive to GABA (Fig. 4C , top two traces) and Off bipolars more sensitive to glycine (4C, lower trace). Consistent with this differential sensitivity, we found that On bipolar light responses were enhanced by GABA antagonists (Fig. 4D , right column), while Off bipolars were enhanced by the glycine antagonist strychnine (Fig. 4D , left column). It seemed likely to us at the time that bipolar cells receive tonic inhibitory input with GABA more prominently involved with the On bipolars and glycine more so with the Off bipolars. We argued that inhibitory interactions between On-Off amacrine cells were mediated by GABA, since picrotoxin enhanced the light response while slowing the repolarization (Fig. 4F , top traces, arrows). In contrast, strychnine enhanced the light response without significantly changing its waveform (Fig. 4F , bottom traces). So, by having the GABAergic On-Off amacrine cells contributing to a more rapid repolarization of the On and Off responses of all amacrine cells, blocking that input should slow the recovery of the light response. This phenomenon was also evident in exposing On-Off amacrine cells to a C-F environment (Fig. 3C) . Interestingly, Burkhardt 27 observed the same phenomenon when comparing strychnine and picrotoxin in his recordings of the proximal negative response (PNR), an extracellular recording of the inner retina that reflects amacrine and ganglion cell activity.
We had determined that amacrine cells are the source of the feedforward inhibition onto ganglion cells, 28 and so we argued that they had to be the source of the GABA and glycine inhibition directed to bipolars and other amacrine cells. However, because chloride was distributed passively in amacrine cells, generating a shunting type of inhibition when GABA or glycine was applied, the nature of this inhibitory signal was more subtle in its presentation. Figure 4G illustrates one way of demonstrating a surround inhibitory input into amacrine cells. In this example, the voltage traces of an On-Off amacrine cell show that a focal light stimulus evoked a larger response than the large-diameter stimulus. Simultaneous recording of the impedance change was made by using a lock-in amplifier, whose detection signal was based on the application of a small 100-Hz current pulse, balancing out the in-phase circuitry to permit a resistance change to be measured in one of the output channels. Note that the large-diameter stimulus, though it resulted in a smaller amplitude voltage response, generated a larger conductance change detected by the lock-in amplifier. The latter observation makes sense, since the surround inhibition evoked by the larger light stimulus generated an additional conductance increase that added to the conductance change associated with the relatively pure excitatory response generated by the small spot. In other words, the inhibitory and excitatory inputs cancel at the voltage levels, but add when conductance changes are determined because both types of signals open ion channels, though of opposite polarity. The lack of any polarization change associated with the inhibitory signal is consistent with the shunting type of inhibition present in these cells.
Neither GABA nor Glycine Mediates the Antagonistic Surround of Bipolars
We looked carefully to see if GABA or glycine might be involved in mediating the surround response of bipolars or the feedback response observed in cone recordings, both of which have been attributed to horizontal cells. In our studies, neither picrotoxin, bicuculline, nor strychnine blocked the surround responses of bipolar cells (Figs. 4H, 4I) or the feedback component of cones (not shown), an idea that is now widely accepted.
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A Model of Inhibitory and Excitatory Connections
Our work on inhibition led to the publication of three papers 28, 30, 31 in which we identified the kinds of cells that are affected by glycine and GABA agonists and antagonists. We then deduced the nature of the inhibitory and excitatory connections that would be required to replicate the light-evoked responses that we observed and analyzed. We added the power of studying inhibition by observing the transient actions of a C-F perfusion, 28 a method that was highly complementary to our pharmacologic studies because it separated the process of hyperpolarizing by disfacilitation from Off bipolars versus hyperpolarizing inhibition from amacrine cells.
We proposed a model in the third paper of the GAB/GLY series 28 that attempted to summarize the ways in which feedforward inhibition onto ganglion cells plays a variable role in shaping the patterns of light-evoked postsynaptic responses. The background set of connections, on top of which our models for inhibitory inputs were superimposed, consisted of the basic photoreceptor and bipolar interactions that formed the On, Off, and On-Off ganglion cell polarities that were identified by our C-F experiments. An additional element to the background network included the connections and presumed actions of the horizontal cells that form the surround organization of bipolars and whose mechanism of action proved immutable to the GABA/glycine antagonists we used in our studies. Although focal and wide-field light stimulation were used in our studies, the classification scheme presented in this work was based on the polarity of the inhibitory inputs (On, Off, and On-Off) not on their spatial organization (small or large-field inhibition). We purposely avoided studying the spatial properties of inhibition, because of earlier studies of amacrine cells suggesting that a single cell could behave like a small-or large-field neuron, depending on the degree to which dendritic versus somatic impulse activity was activated. 19, 32, 33 More recent analysis in which a modeling strategy was combined with physiological recordings has strongly endorsed that concept. To account for our observations, it was necessary to propose two types of On-Off amacrine cells (Fig. 5A) , one of which released glycine, while the other released GABA. These amacrine cells interacted with all three types of ganglion cells (On, Off, and On-Off) to form a broad representation of On-Off inhibition. We also proposed another form of inhibition that was more sustained and attributed it to two sustained amacrine cells (Fig. 5B) , including an On GABAergic amacrine that seemed to interact more with the On ganglion cells and feedback onto On bipolars and an Off glycinergic amacrine, which targeted feedforward inhibition onto Off ganglion cells and feedback inhibition onto Off bipolars.
The Special Character of Inhibition in Retinal Ganglion Cells
Once we identified inhibition in prominent partnership with excitation as the two dominant light-evoked synaptic inputs into retinal ganglion cells, we were immediately confronted by the unique character of inhibition in these cells. At the time of our initial discovery, the primary model for inhibition in the central nervous system was that of the spinal cord motoneuron, which was generally regarded as a soma-dominant form of inhibition. 35 It seemed reasonable that the soma-dominant form of inhibition in motoneurons might be very important in preventing impulse firing in motoneurons for actions related to movements. But we recognized, because of the anatomical work done by Dowling (Dowling and Boycott 36, 37 ) through his elucidation of amacrine-to-ganglion cell dendrodendritic synapses, that inhibition in the retina was largely a phenomenon that took place within the dendrites of ganglion cells and, for that reason, it was far more subtle and perhaps more surgical in its mode of action. Hence, to understand the significance of inhibition in the retina, we had to appreciate that it was not an all or none phenomenon as it might be if inhibition was restricted to the soma. The selective placement of inhibitory inputs in different regions of the dendritic tree meant that any single inhibitory connection could surgically eliminate excitation from the distal branches, but not necessarily affect those inputs into other dendritic regions of the cell. It is the presence of dendritic inhibition that probably contributes important tuning and precision to those receptive field characteristics, such as directional selectivity, that depend on inhibitory inputs into retinal ganglion cells. We speculated on how these kinds of interactions may be integrated to achieve those objectives. 19 Thus, viewing inhibition in retinal ganglion cells as in any way similar to its role in motoneurons almost surely denies inhibition its proper place setting at many different tables. In retinal ganglion cells the role of inhibition is not necessarily to prevent impulse activity from taking place, but to shape the cell's ability to respond in a very specific way to a specific form or movement and it is dendritic inhibition that enables this surgical procedure to achieve success in the mission.
Our work on GABA/glycine inhibition was published many years before newer methods, including those of molecular biology, revealed the diversity of GABA and glycine receptors that we now know more extensively enrich the mechanisms of inhibition. The presence of GABA A , GABA c , and GABA B receptors, 38 in addition to the diversity of glycine receptors, 39 provides a greatly expanded repertoire of inhibition and inhibitory options, as differences in receptor sensitivity, rate of desensitization, and receptor kinetics have been responsible for further expansion of the synaptic repertoire subserved by inhibition.
MOVING ON TO EXCITATION
When we discovered chloride-dependent inhibition in the retina, it was something of a no-brainer to immediately postulate the likely transmitters for this action, since they had been identified and studied in several regions of the brain and spinal cord. But, in contrast, no readily available transmitters had been identified for excitation. Indeed, this was one of the great challenges in the last quarter of the 20th century, a more modern Holy Grail. 
How Do Photoreceptors Communicate?
In the 1960s, Trifonov and Byzov 40 suggested that photoreceptors release a transmitter maximally in the dark and that the light-evoked hyperpolarization reduces the rate of transmitter release. This concept was supported by Dowling and Ripps, 41 who blocked synaptic transmission with elevated Mg 2ϩ and demonstrated that horizontal cells are hyperpolarized as synaptic transmission from photoreceptors is blocked. Early in the formation of this concept, the physiological studies were all done on horizontal cells. We decided to extend these experiments to see if bipolar cells conformed to this idea. Our results confirmed and extended the concept that photoreceptors release a transmitter maximally in the dark and minimally in the light. 42 But what was the identity of that neurotransmitter and what kinds of synaptic receptors did it activate? Of equal curiosity was a related issue raised by our findings. It was easy to understand how hyperpolarizing Off bipolars and horizontal cell light responses are generated by a dark-released photoreceptor transmitter. One only had to imagine an excitatory transmitter that opened cationic channels in the dark. But it was more difficult to account for the depolarizing bipolar. For that cell, it was necessary to imagine a transmitter that closed cation channels in the dark, which would then be opened in the light. Alternatively, one could imagine an arrangement where intracellular chloride was elevated in its concentration so that chloride served as a depolarizing response. In this way, the photoreceptor transmitter could close chloride channels in the dark, allowing a depolarization to occur during light. Whatever the outcome, every retinal physiologist understood that the ionic and transmitter mechanism accounting for the On bipolar light response would be different from any other known synaptic mechanism.
The Discovery of APB
One of the first excitatory amino acid analogues we studied in the retina was ABP (2-amino-4-phosphonobutyrate), first used by Cull-Candy et al. 43 on the locust neuromuscular junction.
We discovered that APB had unique, profound effects on the retinal network, though its sole action was to rapidly block the On bipolar light response (Fig. 6 ). This action eliminated all On responses throughout the retina, but not those mediated by the Off bipolar. 44 At the level of the ganglion cell, it cleanly separated On from Off activity.
A critical component of our analysis with APB was to show that it acts as an agonist and blocks the light response by interacting with the same synaptic receptors as those activated by the endogenous photoreceptor neurotransmitter. The alternative explanation was that APB shunts the cell by opening nonsynaptic receptors. We differentiated between the "specific" and "nonspecific" modes of action in the following way. First, we demonstrated that the actions of APB were direct and evident after synaptic transmission was blocked with Co 2ϩ . Second, we showed that APB increases the input resistance of the cell and third, when synaptic transmission was blocked with Co 2ϩ APB polarized the bipolar in the same direction as that of the endogenous transmitter. The alternative "shunting" hypothesis was eliminated because APB increased the input resistance of the cell. If the increased input resistance by APB was through nonsynaptic ion channels, the light response would be increased, not eliminated. This analysis unequivocally established that APB acts on the same synaptic receptors as those of the endogenous photoreceptor neurotransmitter. As APB is clearly a glutamate analogue, we felt that our analysis strongly pointed to an excitatory amino acid as the photoreceptor neurotransmitter and favored glutamate over aspartate.
The APB receptor we discovered is now known as the mGluR6 receptor, based on the molecular biology studies of Nakajima et al. 45 It was the first metabotropic receptor discovered in the nervous system and preceded by many years similar discoveries in the brain and spinal cord. Today, APB, or L-AP4 as it is now officially named, has been available for more than 25 years and is arguably the most commonly used drug for evaluating issues of retinal circuitry. Peter Schiller 46 used APB to explore the segregation of On and Off inputs into cells of the visual cortex and visually guided behavior. His use of APB in the primate provided evidence that the On system subserves eye movements for positive contrast images, whereas the Off system subserves a similar function for negative contrast images.
Today, we know that metabotropic glutamate receptors form a large family of slow glutamate receptors that function at both presynaptic and postsynaptic sites. Although these receptors have different modes of action, they are all coupled to G-proteins which convey their actions. Despite the diversity of metabotropic receptors, the APB or mGluR6 receptor we discovered in 1981 is found exclusively in the retina and is restricted in its role to generating the light responses of rod bipolars and cone On bipolars. Because the light response of On bipolars was eliminated in a C-F medium, we initially thought that it might be generated by chloride, but additional studies in my laboratory with Wally Thoreson 47 demonstrated unequivocally that the action of APB was to close nonspecific cation channels, with a reversal potential near 0 mV.
The paper on APB marked the first in a series of studies and discoveries in which we progressively elucidated the sites of synaptic transmission in the retina that used excitatory amino acid receptors, including (1) as a complement to APB, we reported that cis-2,3-piperidinedicarboxylic acid (PDA) suppresses the light response of Off bipolars and horizontal cells without having a significant effect on the On bipolars ( Fig.  7A ) 48 ; (2) later that year we demonstrated that amacrine and ganglion cell light responses are antagonized by PDA and concluded that both On and Off bipolars use an excitatory amino acid neurotransmitter ( Fig. 7B) 49 ; (3) we introduced the glutamate analogue D-O-phosphoserine to show how horizontal cell light responses were selectively blocked without affecting the On or Off bipolars, except that their antagonistic surround response was eliminated 50 ; and (4) we discovered the presence of NMDA and KA/AMPA receptors in ganglion and amacrine cells and demonstrated that they mediated components of light-evoked activity. 51 Many additional antagonists were introduced that have had a historic impact on the field of glutamatergic transmission.
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KA Interacts with Light-Activated Glutamate Receptors in the Inner Retina
One of the major problems with PDA was its nonselective mode of antagonism. While it suppressed light responses of Off bipolar and horizontal cells and all inputs into amacrine and ganglion cells, it did not discriminate between the agonists NMDA, quisqualate, and KA. We found that D-O-phosphoserine was more selective in attenuating the light response, while it also selectively suppressed the response to exogenous KA, but had very little action on NMDA or quisqualate (another glutamate agonist). These experiments indicated that KA interacts with a population of receptors that are also activated by the neurotransmitter released from bipolars (Fig. 8) . 52, 53 In addition, we carried out an extensive analysis of many different antagonists and agonists to evaluate their selectivity properties against the primary agonists that defined different glutamate receptors at the time (Table 1) . A summary of our early work on excitatory amino acid receptors appeared in 1986.
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KA Receptors are AMPA Receptors
The techniques of molecular biology, cloning, and expression eventually determined that KA responses are mediated by AMPA receptors, not KA receptors. In binding studies, KA binds to KA receptors, but physiologically opens them only transiently. On the other hand, KA opens AMPA receptors tonically by preventing their rapid desensitization mechanism, which results in very large currents evoked by this agonist.
Although our own work on the synaptic physiology and pharmacology of glutamate receptors in the retina pointed to glutamate rather than aspartate as the neurotransmitter, studies of agonists and antagonists cannot be used to identify the endogenous neurotransmitter. Ayoub et al. 57 provided direct measurements of glutamate release from cone photoreceptor terminals of the lizard and, to this day, we look at glutamate as the major transmitter of bipolar cells and photoreceptors.
Rabbit Retina Uses Glutamate Receptors
Our work on glutamate receptors was carried out in both the amphibian and rabbit retina. There were many advantages in working with the rabbit because cellular identification was more secure, in part based on our own studies using horseradish peroxidase as a cell staining and identification technique. This work was headed by Stewart Bloomfield. Initially, our work in the rabbit retina was done by Steve Massey. His studies revealed that the rabbit retina, like that of the salamander, uses excitatory amino acid receptors for neurotransmission from photoreceptors and bipolar cells. 
Segregation of NMDA and AMPA Receptor Pathways in the Inner Retina
When we introduced the highly selective AMPA receptor antagonist, NBQX 61 (a quinoxaline compound: 2,3-dihydroxy-6-nitro-7-sulfamoylbenzo-f-quinoxaline), we demonstrated its unique properties on some specialized ganglion cells, such as the directionally selective ganglion cells of the rabbit retina. NBQX blocks the directionally selective encoding of the cell, while preserving the vigorous On and Off light-evoked impulse activity. In the presence of NBQX, DS cells respond to moving targets in both the preferred and null directions, rather than in the preferred direction only, which is characteristic of DS ganglion cells. Although NBQX blocks the AMPA/KA receptor inputs into ganglion and amacrine cells, the remaining NMDA receptors provide strong light-evoked excitation, presumably because NBQX leads to enhanced release of glutamate from bipolar cells, but also antagonizes glycine actions on ganglion and amacrine cells. 62, 63 However, it was clear that a KA/AMPA receptor pathway is critical for encoding the DS mechanism. Dixon and Copenhagen 64 showed that sustained amacrine cells are activated by AMPA receptors, whereas transient amacrine cells (On-Off) are activated by both AMPA and NMDA receptors. This arrangement means that blocking AMPA receptors can eliminate sustained amacrine cells, which may account for the NBQX-induced loss of directional selectivity that we observed in these ganglion cells.
PEPTIDE ACTIONS IN THE RETINA
During the 1980s, we witnessed an explosion in the number of new transmitter candidates that were almost instantaneously elevated to neurotransmitter status through immunostaining methods. In this respect, the retina turned out to be one of the most provocative regions of the nervous system, as a large number of peptides were localized to different cell types of the retina. 65 As these new revelations surfaced, we felt compelled to examine the actions of peptides on retinal neurons and the retinal network. We found that virtually all peptides localized to the retina by immunostaining have actions on retinal neurons. Peptides were applied using iontophoretic application 66 or by adding them to the bathing medium in a perfused retinaeyecup preparation of the rabbit. [67] [68] [69] We provided convincing evidence that substance P contributes to the tonic (dark) impulse firing of retinal ganglion cells and that somatostatin has unique actions on the retinal network that give it special status as a potential contributor to adaptive mechanisms in retina network operations. The full spectrum of peptide actions in the retina is a topic still worthy of pursuit, as our understanding of the physiological actions of peptides and the full spectrum of their functional contributions remains at a very preliminary level. The work that has already been done however, suggests that peptides may provide a new rich layer of functional diversity uniting communication mechanisms of many different systems, including vascular, metabolic, glial, and neuronal in ways we have yet to appreciate or imagine.
D-Serine in the Vertebrate Retina The Road Back to Glia
This brings me to the final section of my lecture. It relates to the special control mechanisms of NMDA receptors, the recep- tors we discovered in ganglion and amacrine cells some 25 years ago (1983), when we demonstrated that virtually every ganglion cell could be depolarized in response to both KA and NMDA and that both receptors participate in mediating lightevoked activity. 51 But, the state of knowledge in the field at that time was such that activation of NMDA receptors was assumed to indicate aspartate as the endogenous neurotransmitter, while the activation of KA receptors was assumed to indicate glutamate as the neurotransmitter. But a year after our discovery of separate NMDA and KA receptors in retinal ganglion cells, binding studies revealed that glutamate is more effective than aspartate as an agonist for NMDA receptors and since then, glutamate has generally been regarded as the only excitatory neurotransmitter in the retina and all other areas of the central nervous system.
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NMDA Receptors Require Two Agonists for Activation
NMDA receptors play important roles in events such as memory and learning, but their role in retinal function has not been clearly established and there is no uniform agreement on the extent to which NMDA receptors are involved in mediating light-evoked synaptic activity. Shortly after NMDA receptors were identified as a distinct subpopulation of glutamate receptors, Johnson and Ascher 71 reported that, in order for glutamate to open the NMDA receptor ion channel, a cofactor has to be present in the environment, and they initially identified glycine as the critical cofactor. Additional work demonstrated that many amino acids can substitute for glycine as a coagonist and D-serine is among them. 72 Hashimoto 73, 74 pursued the possibility that D-serine may be present in the brain and, to everyone's surprise, he found substantial D-serine levels that varied in different regions of the brain, as determined by microdialysis experiments. A few years later, Wolosker et al. 75 discovered the enzyme serine racemase, which synthesizes D-serine from L-serine, and localized it to astrocytes. 75 As these initial reports were emerging, I decided to determine whether D-serine had functional significance in the retina. Using antibodies initially obtained from Sol Snyder, we discovered that D-serine and the enzyme serine racemase are readily detected in the retina and that their distribution is consistent with localization into Müller cells and astrocytes. 8 Furthermore, we demonstrated that, in the intact isolated retina of salamanders and rats, NMDA receptors were not saturated at their coagonist sites, such that the exogenous application of D-serine further enhanced the postsynaptic currents of NMDA receptors (Figs. 9A-F) .
Encouraged by these initial studies, we decided to pursue more detailed physiological questions about the role of D-serine in retinal function. Previous studies, including our own, 76 had suggested that the coagonist binding site of NMDA receptors was tonically saturated and hence, an unlikely site of any NMDA receptor modulation. 77 We now believe that our early failure to detect unsaturated NMDA receptor sites was due to the use of retinal slices, which may alter the high-affinity uptake mechanism of glycine that is normally mediated by the high-affinity glycine transporters GlyT1 and GlyT2, the former of which is localized to amacrine cells. 78 We cannot, however, dismiss the possibility that NMDA receptor saturation in the slice is created by alterations in D-serine regulation.
One of the first questions we wanted to address was whether glycine is also involved as an NMDA receptor coagonist, since it serves as a neurotransmitter and is prominently positioned in the retina in the same region where NMDA receptors are localized. We pursued this question by using a selective antagonist for the high-affinity glycine transporter GlyT1 (NFPS). By blocking glycine uptake, we found that the NMDA receptor coagonist sites are saturated and cannot be enhanced by adding exogenous D-serine (E. R. Stevens, preliminary observation, 2007).
Is D-Serine the Only NMDA Receptor Coagonist in the Retina?
While glycine levels are under tight regulatory control through the high affinity GlyT1 transporter, we determined that the uptake of D-serine in the salamander retina is mediated by a low affinity, Na ϩ -dependent ASCT amino acid transporter, 79 with an ASCT2 transporter localized to Müller cells. 80 To determine the extent to which D-serine serves as the coagonist when the glycine transporter was functionally present, we used two different D-serine-degrading enzymes, including the fast-acting D-serine deaminase (DsdA) and the slower, endogenous enzyme, D-amino acid oxidase (DAAO). These enzymes were added independently to the extracellular bathing environment. To our surprise, the NMDA receptor currents were reduced to virtually the same level as those observed when NMDA receptors were blocked with antagonists, suggesting that D-serine may serve as the only endogenous coagonist for NMDA receptors in the retina, 81 at least under the conditions of our experiments.
More recently, we have started to address issues of D-serine function in the retina by using knockout or mutant mice with a defect in one or more areas related to coagonist function. One mutant mouse which we obtained from Ryuichi Konno 82 lacks functional DAAO, an enzyme essential for regulation of D-serine. The retinas of these animals have a normal adult layering pattern, but may have an excessive branching of Mül-ler cell processes in the inner retina, with heavy labeling for serine racemase (Catherine Morgans, personal observation, 2007). We have also been studying D-serine release from these animals and have detected a light-evoked release using the isolated retina. 83 A second mouse line that we have studied is a GlyT1 knockout mouse. 84 In this mouse line, homozygotes die at birth, but the heterozygote reaches maturity. We have studied heterozygote mice, which show a high degree of saturation of the NMDA receptor coagonist sites when compared to their wild-type litter mates. 85 Further description of these additional studies on D-serine synthesis, storage, and release in the retina is beyond the scope of this report. However, our preliminary observations suggest that D-serine is itself under the regulatory control of glutamate release from retinal cells, which in turn may activate AMPA receptors on Müller cells. D-Serine release may also take place through transport exchange, as demonstrated by Dun et al. 80 Clearly, many elements critical to our understanding about D-serine regulation and its control of NMDA receptors and ganglion cell excitability remain to be worked out. But who can deny that fascinating new insights await these additional studies simply because they seem to indicate that glial cells have a far greater impact on controlling ganglion cells than we have previously imagined.
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